Abstract -The natural populations of the house mouse, Mus musculus domesticus, of the Euro-Mediterranean region have been under extensive scrutiny for several years, thanks to an extensive Robertsonian chromosomal variation. However, this subspecies is also known for the occasional appearance of Homogenously Staining Regions (HSRs) in chromosome 1 of the karyotype. Based on the extensive C-banding chromosomal study of 236 house mice from 32 localities of Peloponnisos, S Greece, eight Rb individuals from two localities were found with HSRs in their karyotype (HSR incidence: 3.4%), thus constituting the first record of this chromosomal trait in house mouse populations from Greece. Moreover in the context of this study, we came across five individuals with significant heterochromatin amplification below the centromere of the X chromosome and of two autosomal pairs (incidence: 2.1%). Notably, four of these individuals also carried HSRs. This finding is important because increase of heterochromatin content has only rarely been documented for M. m. domesticus and this is in fact the first report of such prominent heterochromatin amplification in individuals of natural populations of this subspecies.
INTRODUCTION
Among the mouse taxa that comprise the subgenus Mus, the house mouse, Mus musculus domesticus, is remarkable, due to an extreme chromosomal variation, which is a unique feature in the otherwise karyologically conservative subgenus. Even though this subspecies is well known for its cosmopolitan distribution (Boursot et al. 1993) , this variation is restricted to several of its European and to a lesser extent to some Tunisian and Turkish populations (for a recent review see Piálek et al. 2005 ). This phenomenon is caused by centric (Robertsonian-Rb) fusions that lead to the formation of metacentric chromosomes from acrocentrics (Gropp and Winking 1981) . As a result, the diploid chromosome number can vary from the standard all-acrocentric form, 2n=40, to as low as 2n=22, with nine metacentric chromosomal pairs and many different Rb combinations among acrocentric chromosomes have been observed in the natural populations of this subspecies (Gazave et al. 2003; Piálek et al. 2005) as well as in its laboratory strains (e.g. Winking et al. 1988) .
However, M. m. domesticus is also known for a different chromosomal irregularity, i.e. the appearance in heterozygous or homozygous condition of a Homogeneously Staining Region (HSR) in chromosome 1 of the complement. This trait was first found by Traut and Winking (1983) in Switzerland and Italy and it is known to be located exclusively between the G-bands C5 and D of that chromosome. Early during the study of this trait, it was realized that it is not the result of heterochromatin accumulation, since it is not related at all with M. m. domesticus satDNA, in fact displaying a staining pattern that differs from that of heterochromatin (Traut et al. 1984) . It has now been clarified that the formation of HSRs is attributed to a long-range repeat cluster, the Sp100-rs with a repeat length of 100 kb. When Sp100-rs clusters exceed 20 Mb in size, they begin to become visible as HSRs (Kunze et al. 1996) and their length may reach or even make up more than 30% of the standard chromosome 1 (Traut et al. 1984; Traut et al. 2001) . This chromosomal trait is not restricted to M. m. domesticus, but is also found in M. m. musculus, albeit
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in the form of a double band, presumably a result of a paracentric inversion (Winking et al. 1991a) . Several natural populations of both subspecies have been found with HSRs in homozygous or heterozygous condition (Yakimenko and Korobitsyna 1988; Winking et al. 1991a; Winking et al. 1991b; Sabantsev et al. 1993; Hübner et al. 1994) . Particularly in M. m. domesticus, the chromosome 1 carrying an HSR, can either be a typical acrocentric or part of an Rb chromosome (Saïd et al. 1986; Winking et al. 1988; Searle 1991; Searle et al. 1993; Hübner et al. 1994) .
On the other hand, heterochromatin distribution in this subspecies has been known to be restricted to the centromeric region of all chromosomes, with the exception of the Y chromosome, the arms of which however seem to stain partially darkly (Hsu et al. 1971; Bulatova et al. 1984) . There has been reported some limited variation in the quantity of pericentromeric heterochromatin in several laboratory strains derived from this subspecies (Forejt 1973; Evans 1981; Yoshida and Kodama 1983; Akeson and Davisson 1991) , but also in some of its natural, all-acrocentric populations, derived even from the same locality (Evans 1981; Zima et al. 1990; Giménez and Bidau 1994) . However, in most cases this variation concerns differences between homologues, rather than among non-homologous chromosome pairs (Forejt 1973) .
Greek populations of Mus musculus domesticus have been under study primarily in an effort to describe the existing Rb chromosomal variation, which at this point seems to be distributed in three different regions, i.e. Ipeiros (NW Greece), E Sterea Ellada and Peloponnisos (S Greece) (Giagia et al. 1987; Tichy and Vucak 1987; Winking et al. 1988; Zima et al. 1990; Giagia-Athanasopoulou et al. 1994; Nachman et al. 1994; Mitsainas and Giagia-Athanasopoulou 2005) . However despite the extensive karyological studies, particularly in Peloponnisos, no other type of chromosomal variation has so far been published for the house mouse from Greece. Therefore the purpose of this work was to examine natural populations of wild mice for the appearance of HSRs and of heterochromatin amplification in their karyotype and to compare the gathered results with those of other relevant studies.
MATERIALS AND METHODS
A total of 236 individuals belonging to natural populations of Mus musculus domesticus from 32 different localities of Peloponnisos, S Greece were screened for the appearance of HSRs in their karyotype, as well as for the detection of heterochromatin amplification. The Rb chromosomal constitution of the studied individuals, as well as the studied localities are shown elsewhere (Mitsainas and Giagia-Athanasopoulou 2005) . Mitotic metaphase spreads from bone marrow of all individuals were prepared, according to Hsu and Patton (1969) and the C-banding method, described by Sumner (1972) , was applied with some modifications i.e. slide treatment in the aqueous solution of barium hydroxide octahydrate lasted for 1.5-3 min. Individuals that were found to possess HSRs, were studied also with G-banding, following a modified version of Seabright's (1971) protocol. In particular, 0.05% trypsin solution treatment of the slides lasted for 30-40 seconds and waspreceded by slide incubation in 2xSSC solution at 60 o C for 1 hr. For all chromosomal studies, a Zeiss Axioscope 2 Plus light microscope, equipped with a Zeiss Axiocam MRc5 (5MP) digital camera was used.
RESULTS
The karyological analysis of our M. m. domesticus sample with the C-banding staining technique showed that in almost all localities the studied individuals, irrespective of diploid chromosome number, presented the typical pattern of heterochromatin distribution i.e. prominent heterochromatic bands in the pericentromeric region of all autosomes and of the X chromosome, whereas in males, the Y chromosome appeared with relatively darkly stained arms. The Rb chromosomes demonstrated almost double the pericentric heterochromatin, when compared to acrocentrics. However in two localities, i.e. Egio and Selianitika some of the studied individuals were characterized by the appearance of HSRs in the first autosomal pair and by increased heterochromatin content in certain chromosomes ( Fig. 1; Table 1 ). In detail, four out of thirty one individuals from Egio (three with 2 n=28 and one with 2n=29) carried an HSR insert in heterozygosity (HSR incidence: 12.9%). Eleven of the individuals, in which this insert was completely absent, were actually captured from the same building with the HSR carriers. Also, in Selianitika, ca. 6.5 km W of Egio, four more individuals (three with 2 n=29 and one with 2n=30) were HSR heterozygotes. Two additional individuals from the same building and 6 more from other capturing sites in this locality did not carry HSRs (HSR incidence: 50.0%). In all cases, the HSR was represented by a single band, which stained with uniform medium intensity with G-banding, and almost as dark as a typical heterochromatic band with C-banding (Fig. 2) . Based on our calculations from the studied metaphases of the HSR carriers, the HSR bands corresponded in size approximately to 30% -32.5% of the length of the standard chromosome 1 without the HSR insert.
Moreover, five out of the thirteen individuals from Selianitika, i.e. the four female HSR carriers and an additional female with 2n=29, were characterized by significant heterochromatin amplification at a position immediately below the centromere of the X chromosome (38.5% incidence). In one case, this prominent heterochromatic band was in homozygous condition (Figs. 2, 3 ; Table 1 ). heterochromatic bands appeared either in heterozygosity or in homozygosity (Figs. 2, 3 ; Table 1 ).
DISCUSSION
Within the framework of this study, individuals of M. m. domesticus with HSRs in their karyotypes were found for the first time in natural populations of this subspecies from Greece. The staining intensity of this region with G-and C-banding, as well as its relative position on chromosome 1, agrees with what has been previously described (Traut et al. 1984; Agulnik et al. 1988) . Even though the frequency of appearance of HSRs in our sample is small (3.4%), however such rare occurrences have also been recorded elsewhere, e.g. in Belgium (Bauchau et al. 1990 ). The HSR size in the individuals of our sample is among the largest recorded so far, since there are only a few examples where it approaches or exceeds 30% in relation to the size of the standard chromosome 1 (Traut et al. 1984; Giménez and Bidau 1994; Hübner et al. 1994) , whereas in other cases it can be as low as 6.9% (Traut et al. 1984) . The size variation of this insert among individuals is presumably attributed to a varying amplification degree of the 100kb repeat (Traut et al. 1984; Agulnik et al. 1993) or is possibly the result of unequal recombination (Winking et al. 1991b) . The fact that no HSR homozygotes were recorded in our sample is not surprising; in fact, HSRs commonly appear in heterozygosity in the natural populations of M. m. domesticus, e.g. in Scotland (Searle 1991; Searle et al. 1993) and Belgium (Bauchau et al. 1990) , whereas no population has been found so far, showing fixation of this chromosomal trait (Agulnik et al. 1993) . Based on the fact that the Rb system of Peloponnisos includes an Rb population with 2n=24, which is characterized by Rb(1.3), it would be interesting to continue checking in the future for individuals with HSRs in this population. Besides, similar findings have been recorded in Tunisia, where more than a third of the individuals with Rb(1.11), carried also HSRs in their karyotype (Saïd et al. 1986 ) and also in Switzerland (Hübner et al. 1994) .
The overall examination of the distribution of HSRs in natural populations of the house mouse initially gives the impression that this trait is preferentially present in Rb, rather than in acrocentric populations. However it is now accepted that this pattern is due to sampling bias; it is only natural that HSRs will be easier to locate in extensively studied populations with large sample sizes and the Rb natural populations of M. m. domesticus certainly fall under this category (Hübner et al. 1994) . Besides, this assumption is easily proven through a map comparison of the current knowledge on the distribution of the Rb variation (Piálek et al. 2005) and of the distribution of HSRs (Agulnik et al. 1993) , which shows that the currently known distribution of HSRs lies within the boundaries of described Rb systems for the house mouse. However the apparently disjunct, albeit frequent, presence of this chromosomal trait in the natural populations of M. m. domesticus raises the question whether its current distribution is the result of independent de novo formation events or of common descent. The data from various studies support the second hypothesis (e.g. Agulnik et al. 1993) , but it still remains difficult to explain how it has achieved such a regular presence in different, far apart regions, when apparently large populations without HSRs intervene. Perhaps long-distance passive transport of HSR carriers with humans has been involved in the process or the comparatively less karyologically studied acrocentric populations are in truth characterized by higher frequencies of HSR presence than the current available data suggests. If the appearance of HSRs in acrocentric populations is indeed more common that expected, then their existence in different Rb populations could be the result of local hybridization and introgression from the neighbouring acrocentric population, unless HSRs already existed in the acrocentric M. m. domesticus population before the onset of the Rb phenomenon.
The discovery in a few individuals of our sample of the prominent heterochromatic bands in the X chromosome and two other autosomal pairs, which take up significant portion of the total chromosomal length, is reported for the first time for this subspecies. This result becomes more unique when one considers also the fact that most of these individuals also carried HSRs in their karyotype. Indeed so far it seems that the limited heterochromatin content variation in this subspecies concerns mainly laboratory strains derived from it (Forejt 1973; Evans 1981; Capanna 1982; Yoshida and Kodama 1983; Akeson and Davisson 1991) , which could however imply some predisposition for changes in heterochromatin content. In one of these laboratory strains, a double heterochromatic band was recorded for chromosome 18 (Evans 1981) , which is quite interesting, since this could be related to what we found in our sample.
The appearance of both HSRs and extra heterochromatic bands in the same individual makes it tempting to suggest that the two events are somehow connected. However it has already been mentioned that in terms of DNA sequences and reaction to staining techniques, the two chromosomal traits are unrelated (Traut et al. 1984) and in any case taking also into consideration that similar cases have never before been reported, allows us to suggest that the co-existence of HSRs and extra heterochromatic bands in the same karyotype is rather coincidental.
It has been often suggested that heterochromatin amplification may be involved in several biological processes. In particular, the heterochromatinization of the sex chromosomes has been implied to play a regulatory role in population dynamics (Rao et al. 1983) , to act as a potential source of adaptive novelties (Robbins and Baker 1981) or even to be involved in speciation events (Gamperl et al. 1982; Galleni 1995; Castiglia et al. 2008) . Moreover, it is occasionally observed that karyotypes of closely related species display crucial differences in heterochromatin content (e.g. Apodemus: Rovatsos et al. 2008; Erinaceus: Mandall 1978 ; Microtus: Mitsainas et al. 2008; Thomomys: Patton and Sherwood 1982) .
In overall, heterochromatin amplification, particularly of the degree hereby presented, still remains a rare phenomenon for M. m. domesticus. However, especially with regard to the X chromosome, increase of heterochromatin is often recorded in certain rodent groups, for example in the genus Microtus (Modi 1987) , where in extreme cases, giant X chromosomes have been demonstrated e.g. in Microtus agrestis (Nanda et al. 1988) . In this context, it would be interesting to examine additional natural populations in the future in order to better define the variation in heterochromatin content in this subspecies.
